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Abstract
In this work we pose the possibility that, at an early stage, the migration of a proto–giant planet caused by the
presence of a gaseous circumstellar disk could explain the continuous feeding of small bodies into its orbit. Partic-
ularly, we study the probability of capture and permanence in co–orbital resonance of these small bodies, as planets
of diverse masses migrate by interaction with the gaseous disk, and the drag induced by this disk dissipates energy
from these small objects, making capture more likely. Also, we study the relevance of the circumplanetary disk, a
structure formed closely around the planet where the gas density is enhanced, in the process of capture. It is of great
interest for us to study the capture of small bodies in 1:1 resonance because it could account for the origin of the
Trojan population, which has been proposed (Kortenkamp and Joseph, 2011) as a mechanism of quasi-satellites and
irregular satellites capture.
Keywords: Celestial mechanics, Minor planets, Planet – disc interactions
1. Introduction
It is now widely accepted that the planetary systems,
and particularly our Solar System, were not formed in
an in–situ scenario. On the contrary, these planets un-
derwent a substantial migration of their orbits. This mi-
gration may have different origins, such as interactions
with a gaseous (Goldreich and Tremaine, 1979; Gol-
dreich and Tremaine, 1980) or planetesimal (Fernandez
and Ip, 1984) disk. The presence of these structures im-
ply that the migration must have taken place in the early
Solar System.
Nevertheless, the actual path of each planet still re-
mains as an open question. One of the models explain-
ing this process is the Jumping–Jupiter model (Mor-
bidelli et al., 2009), where the young Solar System con-
tains 5 giant planets. These planets migrate through in-
teraction with a planetesimal disk and becomes unsta-
ble, and due to this instability, the four giant planets
present nowadays have encounters with the fifth one,
acquiring orbits similar to the ones we observe in the
present and ejecting the remaining one. Besides ex-
plaining the orbital characteristics of the giant planets,
this model have been successfully applied to explain
the origin of many small bodies population in our So-
lar System (Nesvorny´ et al., 2013; Brasil et al., 2014;
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Deienno et al., 2014; Nesvorny´ et al., 2014), as well as
the Late Heavy Bombardment (Deienno et al., 2017).
On the other side, the constraints given by the observa-
tions of the present Solar System impose a large number
of conditions to be met by the results of simulations to
be considered as successful, which make this model un-
likely (Nesvorny´ and Morbidelli, 2012).
Although a model of capture in co–orbital motion in
the frame of the Jumping–Jupiter scenario (i.e., involv-
ing the encounter of Jupiter with an ice giant) has been
proposed (Nesvorny´ et al., 2013), we pose the hypothe-
sis that a population of planetesimals could be captured
in the co–orbital region of the migrating planet before
the instability, when the capture could be assisted by the
drag force exerted on the planetesimals by the gaseous
disk. In a subsequent stage, the particles captured as
Trojans can transform their orbits into quasi-satellites,
which in turn enables them to have close encounters
with the host planet (Kortenkamp and Joseph, 2011).
In this work we investigate two different stages of the
capture process. Firstly, we analyse the probability of
capture in the planet’s co–orbital region. A planetesi-
mal is said to be captured if it enters and stays in the
co–orbital region for a certain period of time, which im-
plies a change in semi–major axis of the bodies. It is
worth noting that, in this scenario, this drift is produced
by two different mechanisms: for the planet, it is caused
by the gravitational interaction with the disk, while the
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aerodynamical gas drag is the reason for the migration
of planetesimals. The different migration timescales in-
volved can account for the continuous feeding of bodies
in the mentioned region, where they can be captured in
resonance. In second place, we study the survivability
of planetesimals in this region once they are captured.
The outline of this study is as follows: In Section 2
we present the hypothesis and model setup used for this
work. In Section 3 we analyse the results of the simula-
tions made, looking for captures in co–orbital resonance
and their dependence on the presence of a gas disk along
with the migration timescale, and study the survivabil-
ity of these bodies. Finally, we present the conclusions,
discussion and future work in Section 4.
2. Methods
2.1. Disk parameters
In this work we study 3 different cases for the gas
drag: Experiment A has no presence of any gas, so the
forces acting on the planetesimals are only of gravita-
tional origin. We use this prescription as a control run,
to test the effect of the gas. Experiments B and C use a
circumstellar (CS) disk of gas where the radial distribu-
tion of surface density is
Σs(r) = 1700
( r
1 ua
)−3/2
g cm−2 (1)
which corresponds to the Minimum Mass Solar Neb-
ula (Weidenschilling, 1977). The vertical distribution of
the volume density is given by
ρ(z) = ρ0e−z
2/2h2 (2)
where ρ0 = ρ(z = 0) is the mid–plane density and h is
the vertical scale height. When a vertically isothermal
disk is assumed, h = cs/Ω, where cs is the sound speed
and Ω =
√
GM/r3 is the Keplerian angular velocity,
the relation between surface and volume density is
ρ0 =
1√
2pi
Σs
h
(3)
Besides this circumstellar disk, Experiment C uses a
circumplanetary (CP) disk following Fujita et al. (2013).
In that work, the density and sound speed of the circum-
planetary disk are parametrized as
Σp = Σd
(
r
rd
)−p
, cs = cd
(
r
rd
)−q/2
(4)
where rd ≡ drH is a typical length scale related to the
Hill radius rH , approximately equal to the effective size
of the circumplanetary disk, and cd is the sound speed
at this point. In this work we set p = 3/2, d = 0.4
and q = 1/2 based on the result of previous hydrody-
namical simulations (Machida et al., 2008). Lastly, we
choose Σd = 1.0 g cm−2 following Fujita et al. (2013).
The inclusion of this circumplanetary disk is important
because the planetesimals are expected to enter in the
co–orbital region nearby the embryo, and the enhanced
energy dissipation provided by this structure could mod-
ify substantially the dynamics of these bodies.
Lastly, we dealt with the gas velocity. Due to the
gas pressure support, the velocity of the gas around the
central star is not Keplerian. Using the parametrization
given in 4, the gas velocity in Experiments B and C can
be written as
vg = vK(1 − η) (5)
where vK is the Keplerian velocity around the central
star or embryo in Experiments B or C respectively, and
η is given by (Tanaka et al., 2002)
η =
1
2
h2
r2
(
p +
q + 3
2
+
q
2
z2
h2
)
(6)
The solid bodies that reach a radius s ' 1 m become
less coupled with the gas, orbiting the central star with
a Keplerian velocity, to the first approximation. This
means that there exist a difference between the veloc-
ities of gas and rocks, which leads to a friction force,
called gas drag. The gas drag force for a spherical par-
ticle of radius s is given by
Fg = −12CD pis
2 ρ∆v2 (7)
where dimensionless parameter CD is the drag coeffi-
cient, ρ is the gas density and ∆v is the relative velocity
of the particle with respect to the gas.
2.2. Orbital dynamics simulations
For this work we use the Mercury package (Cham-
bers, 1999). The system is composed by a giant planet
embryo (MP = 10M⊕) in a circular orbit with semi–
major axis of 8 au, and migrates with a constant rate
of 1.5 × 10−5 au yr−1, consistent with the rate found by
Tanaka et al. (2002). This migration rate is achieved by
imposing an acceleration ~aM of the form
~aM =
a˙
2a2
√
GM
2/r − 1/a vˆ (8)
acting only on the embryo. Although this force does
not represent any actual physical effect, it generates the
2
desired migration rate with minimal impact over the re-
maining orbital elements. It is important to note that in
this work we neglect the embryo’s mass growth. The
linear model used by Tanaka et al. (2002) to derive
the migration rate for the embryo assumes an isother-
mal equation of state, not only vertically but also in
the radial direction. Nevertheless, this model has nu-
merous caveats (disks are probably turbulent and non–
isothermal, there exist considerable uncertainties in the
formulas used to compute torques exerted by the disk,
etc.) which could introduce variations in the rates
found. For this reason we add an ad–hoc constant co-
efficient k to Equation 8 to investigate the relevance of
the migration timescale on our scenario in all the simu-
lations made, where the values adopted for k were 1, 0.1
and 1.5.
We generate a swarm of 1000 planetesimals within a
ring between 6 and 10 au with eccentricities and inclina-
tions randomly chosen with a uniform distribution in the
interval [0, 0.1] and [0◦, 10◦] respectively. For the pur-
pose of calculation of the gas drag force given in Equa-
tion 7, CD was chosen to be equal to unity, and we as-
sumed a spherical shape for the planetesimals, with ra-
dius uniformly distributed between 50 m and 35 km, and
a uniform density of 1 g/cm3. Using these prescriptions,
the total mass of the planetesimal disk is approximately
2.2 × 10−11M.
We integrate the system for 105 years using the
Bulirsch-Stoer algorithm (Stoer et al., 2002), along with
user-defined forces to take account of both migration
and gas drag. Although this is the slowest algorithm
implemented on Mercury, is especially suitable for deal-
ing with close encounters, which is fundamental for this
work.
3. Captures and survivability
3.1. Co–orbital capture
The first condition to obtain bodies captured in co–
orbital resonance is that the orbits of the planetesimals
cross the orbit of the embryo. If the semi–major axis of
a planetesimal is initially larger (smaller) than the em-
bryo’s, and in some moment of its evolution become
smaller (larger), the body is said to have a crossing or-
bit. In Experiment A we expect to find a greater number
of planetesimals with orbits initially internal to the em-
bryo to become crossing bodies because only the latter
has an external force modifying its orbit. However, in
Experiments B and C we expect to find the opposite,
as the planetesimals migration timescale due to the gas
drag is shorter. This different migration rates generate
Figure 1: Example of an external body that gets captured in the 4:5
mean motion resonance with the embryo in Experiment C. The cap-
ture inhibits the body from crossing the orbit of the embryo for 4×105
years, when it escapes and falls to the central star.
a rapid variation in the semi–major axis ratio between
planetesimals and embryo, which implies in addition
to a possible crossing orbit, a mean motion resonance
capture. For this reason we also look for bodies cap-
tured in mean motion resonances with the embryo for
at least 1000 years. If the resonances are identified as
|p + q| : |p|, where p is the degree and q > 0 the order,
p > 0 implies that the planetesimal has an orbit inter-
nal to the embryo and p < 0 the opposite. We look for
all the possible resonance captures with p ∈ [−11, 10]
and q ≤ 10. The next condition analysed is the co–
orbital capture. For a capture in co–orbital resonance to
take place, we impose the condition that the semi–major
axis of the captured body must remain in the co–orbital
region of half–width the Hill radius for at least 1000
years. Lastly, we look for bodies that collide with the
embryo. It is important to notice that a single body can
belong to more than one of the categories listed above.
We summarize the results of our simulations in Table 1.
As expected, the presence of the circumstellar disk in
experiments B and C generate a greater number of plan-
etesimals in external orbits to become crossing bodies,
and also a decrease in the number of internal ones in
these categories. When we focus on the bodies trapped
in mean motion resonances, we find in first place that
they can exist in all the studied cases (Figure 1), but
the gas drag generates a perturbation too strong for the
planetesimals to become easily captured in mean mo-
tion resonances, as in Experiment A. In Experiments B
and C, the MMR capture probabilities are similar, but
the presence of the circumplanetary disk increase the
number of planetesimals captured in mean motion reso-
nances with nominal positions closer to the planet (e.g.
9:11, ares/aE = 1.14314) than the ones in Experiment
B. The relevance of the circumplanetary disk studied in
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Experiment Migration coefficient k Crossing MMR capture Co–orbital capture Collision
Int Ext Int Ext Int Ext Int Ext
A
1 93 34 64 13 3.9 (4.2) 5.5 (16) 0.4 0
0.1 37 39 54 53 0.6 (1.6) 7.3 (19) 0 0.2
No gas disk 1.5 100 33 57 8.1 4.9 (4.9) 3.7 (11) 0 1.2
B
1 18 100 1.4 13 0.4 (2.3) 10 (10) 0 0
0.1 17 100 0.6 12 0.4 (2.4) 7.7 (7.7) 0 0.2
CS disk 1.5 18 100 1.0 15 0.4 (2.3) 8.4 (8.4) 0 0
C
1 18 100 2.2 12 1.2 (7.0) 7.3 (7.3) 0 0
0.1 17 100 1.0 12 0.4 (2.4) 8.6 (8.6) 0 0.2
CS+CP disk 1.5 18 100 1.4 16 0.6 (3.5) 9.6 (9.6) 0 0
Table 1: Percentage of the total number of bodies in each category for all the simulations including a migrating embryo (10M⊕). The same
percentage but referenced only to the crossing bodies is shown in brackets. As expected, the presence of the circumstellar disk generate an increase
in the external crossing bodies.
Experiment C is also confirmed if we analyse the entry
angle, defined as the planetesimal-central star-embryo
angle (i.e. the synodic angle) at the entrance in the co–
orbital region. By doing so, an accumulation of bodies
entering with angles near zero can be noted (Figure 2);
these bodies are more susceptible to be affected by the
presence of the circumplanetary disk.
On average, the 1:1 capture probability is 2.3% and
4.3% for internal, and 8.7% and 8.5% for external bod-
ies, referred to Experiments B and C respectively. This
result is greater than the estimates given in previous
works (Namouni and Morais, 2017), taking into account
the low inclinations of the planetesimals. Also, the pres-
ence of both gaseous disks enhance the total co–orbital
capture probability compared with the case with only
the circumstellar one, except in the Experiment C with
k = 1 for the external bodies. We try to give an expla-
nation for this phenomenon in the next Section.
Finally, in all the cases studied we find that the col-
lision probability is low. This effect could be explained
stating that the mass of the embryo is too low to deflect
a significant number of planetesimals into collision or-
bits, even if assisted by the circumplanetary disk.
3.2. Survivability
For this part we work with two different scenarios.
In the first one, we place a small number (∼ 100) of
bodies in the co–orbital region of the embryo to check
if these bodies can survive in this state. These results
are shown in Table 2. From these results two important
points should be noted. In first place, the mean cap-
ture time is reduced by roughly one order of magnitude
when the circumstellar disk is present, and in second
place the presence of the circumplanetary disk does not
Figure 2: Entry angle for the planetesimals in Experiment C with k =
1. This trend is the same in all the cases studied. The bodies with entry
angle near zero are more susceptible to be affected by the presence by
the circumplanetary disk.
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Figure 3: a) Lifetime of a particle in Experiment B disk compared
with the same particle in Experiment C. The circumplanetary disk can
account for the small increase in capture time. b) Histogram of cap-
ture time for planetesimals starting the integration inside the coorbital
region of the embryo for Experiment C. There is no significant differ-
ence between this result and the one for Experiment B.
affect the mean or maximum capture time in a substan-
tial way. Nevertheless, the presence of this structure can
modify the capture time for certain bodies (Figure 3).
The main point to explain this effect is that the planetes-
imals don’t remain all the capture time as Trojans, but
in horseshoe orbits, as can be seen in Figure 4. This is
very important to explain the effect of the circumplan-
etary disk: as the body become less bounded to the 1:1
resonance, the angle λ − λP increase its libration ampli-
tude, making the planetesimal to approach the embryo.
At some point, the planetesimal enters in the zone of
the circumplanetary disk, where the gas drag force is
greater and reduces more effectively the relative veloc-
ity of the planetesimal respect to the embryo.
As seen in the previous Section, the mechanism pro-
posed has a non negligible probability of capturing bod-
ies in co–orbital resonance and maintain them for a con-
siderable period of time, even without taking into ac-
count the contribution of the mass growth of the embryo
due to gas accretion. The effect of mass growth has been
already proposed as a possible mechanism to explain the
capture of Trojans (Marzari and Scholl, 1998), although
it has some serious drawbacks when explaining their ec-
centricities and inclinations, for instance (Slyusarev and
Figure 4: Example of evolution of the critical angle λ−λP for a particle
in Experiment C initially placed inside the co–orbital zone. The tran-
sition between the Trojan and horseshoe orbit can be seen at ∼ 60000
years.
Belskaya, 2014). In the scenario studied in this article,
the mass of the embryo is close to the estimated critical
mass needed to trigger the runaway gas accretion phase.
For this reason the mass of the planet is expected to in-
crease roughly one order of magnitude in a short period
of time, which may lead the planetesimals that were al-
ready captured to become more bound to the co–orbital
resonance.
Taking this process into account, we now investigate
the same scenario but with a migrating giant planet with
1 MJ and initial semi–major axis a = 8 ua instead of
the embryo. This change implies that the migration
timescale must be much shorter (a˙ = 5.3× 10−5au yr−1)
(Bate et al., 2003), and so is the integration time, which
lasts 75000 years in this case. In addition to this, the
migration is of Type II, so we impose a gap in the co–
orbital region of the planet where the gas density is 100
times smaller than the expected value given in Equation
1. The gap half-width ∆gap is equal to the Hill radius
of the planet, which yields a relative half-width ∆gapa '
0.069. Our value is consistent with the ones obtained in
both 2D (Kanagawa et al., 2016) ( ∆gapa ' 0.065) and 3D
simulations (Fung and Chiang, 2016) ( ∆gapa ' 0.1). We
complete the experiment placing 1000 planetesimals in-
side the planet’s co–orbital region, randomly distributed
with the same characteristics as the previous integra-
tions.
As we see in Figure 5, the trend in the bodies per-
manence in co–orbital motion is similar to the previous
cases studied, with most of the bodies lost from the co–
orbital region in the beginning of the integration. How-
ever, and despite of the faster migration of the planet,
the percentage of bodies that neither collide with the
planet nor the central star is 95.7%. 71.4% of these
bodies weren’t on the co–orbital region at the end of
the integration, but the remaining lasted all integration
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Experiment Migration rate Mean capture time (yrs) Max. capture time (yrs)
A
1 52507 100000
0.1 57972 100000
No gas disk 1.5 51439 100000
B
1 6159 64820
0.1 6424 86230
CS disk 1.5 6038 64300
C
1 6271 70550
0.1 6257 74020
CS+CP disk 1.5 6032 67140
Table 2: Mean and maximum time of maintenance in the co–orbital region for all the cases studied. The presence of the gaseous disk lower both
the mean and maximum time of capture, while a lower migration rate for the embryo helps to prevent the loss of the captured bodies.
Figure 5: Maintenance time of particles in the co–orbital region for
a migrating giant planet. Comparing with Figure 3b, we find that the
trend is similar to the previous Experiments.
time captured as co–orbitals, so we conclude that 27.4%
of all the simulated bodies survive the entire time in a
co–orbital resonance with the migrating giant planet.
The asymmetry between populations in L4 and L5 for
the surviving bodies is also analysed. This is an impor-
tant point when comparing with the factual trojan pop-
ulation (see Marzari et al., 2002 for a review). Defin-
ing the temporarily captured objects (TCO) as the pop-
ulation that remain in the co–orbital region for at least
1000 years (70% of the total), there are three possibili-
ties for their critical angle: librate around 60 in the L4
point, librate around 300 in the L5 point and oscillate
with an amplitude ∼ 300 in a horseshoe orbit. Defining
f45 ≡ N(L4)/N(L5), we find that there exist an asym-
metry in the number of bodies librating around these
locations, obtaining f45 = 0.97. Although the differ-
ence between populations in both points is small, there
is a significant discrepancy with the parameter predicted
using observations of the Solar System, where the ex-
pected value is f45 = 1.2−1.8 (Nesvorny´ et al., 2013 and
the references therein). Additionally, if we analyse fur-
Fate Percentage of bodies
Co–orbitals 27.2
Collision w/planet 2.4
Collision w/central star 0.2
Ejected 2.3
Diffusion 67.9
Table 3: Fates of the bodies initially placed inside the co–orbital re-
gion of a migrating giant planet (M = 1MJ).
ther these results we find that this asymmetry between
leading and trailing points can be also detected using
other tracers, such as the survival probability: defining
p = N fNi , with Ni the initial number of TCO and N f
the number of TCO at end of simulation, we find that
p(L4) = 54.8% and p(L5) = 56.9%. Also, we find that
the mean maintenance time of these bodies is slightly
different, with 57009 years for bodies in L5 and 54901
for the ones in L4.
The remaining probability is the horseshoe orbit.
From the TCO, 30% have orbits of this type, but the
mean maintenance time for them is 8870 years.
We now focus on the final fate of the planetesimals.
There are five different possibilities for them: collide
with the planet, collide with the central star, ejected
from the system, survive outside the co–orbital region
(diffusion) or remain captured. We find that the bodies
which escape from the co–orbital region have encoun-
ters with the planet prior to it, while the bodies that re-
main inside for all the integration time don’t. It is im-
portant to note that most of the bodies having encounters
with the planet are pushed to the outer parts of the sys-
tem, where they can remain for a long time due the low
density of the gas in this zone. These results are shown
on Table 3.
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Figure 6: Maintenance time as a function of the particle radius in the
case with a migrating embryo. A direct proportionality between r and
log(t) can be seen up to r ∼ 5 km, where the distribution becomes
uniform.
3.3. Size distribution
From the objects initially located inside the embryo’s
co–orbital zone, we place our attention in the mainte-
nance time as a function of the radius of the planetesi-
mal (Figure 6). We find that, for radius less than 5 kilo-
metres, the variables are roughly proportional. From
this value onwards, the distribution is roughly uniform.
Next, we focus on studying the size distribution of
the objects in the co–orbital region of the migrating gi-
ant planet as a function of its maintenance time (Figure
7). At first sight, an accumulation of bodies with short
capture times can be seen. This is expected for small
objects, for which the drag force is more relevant, but
a significant number of bigger bodies also have short
capture times. This corresponds to objects with initial
conditions far from L4 and L5 points, for which the li-
bration amplitude is big, and therefore are less bound to
resonance.
Lastly, if the focus is placed on the surviving objects,
there can be noted from Figure 7 that the distribution is
not uniform. For this reason we plot the radius of the
surviving objects in Figure 8. Fitting this histogram to
a Gaussian curve, we find that the mean radius of these
bodies is 18.2 ± 2.6 km and the standard deviation is
10.1 km.
4. Conclusions
In this work we pose an alternative method for plan-
etesimals being captured in co–orbital resonance with a
forming giant planet during its migration phase embed
in a gaseous disk. We studied this process in different
scenarios and we found that even if the growth of the
planet is not considered as it does in Marzari and Scholl
Figure 7: Maintenance time as a function of the particle radius in the
case with a migrating giant planet. The smaller objects, along with the
ones with greater libration amplitudes (see text), have shorter lifetimes
in the co–orbital region.
(1998), the capture has a not negligible co–orbital cap-
ture probability, consistent with previous works (Chanut
et al., 2008).
The dependence on the migration rate is also anal-
ysed. We found that a faster migrating embryo has more
probability to capture planetesimals in co–orbital res-
onance due to a reduced difference between migration
timescales of both bodies. Nevertheless, the planetesi-
mals are more easily lost in this case owing to a larger
speed relative to the gas, increasing the gas drag force.
Notwithstanding, as other mechanism had been pro-
posed as being responsible for the co–orbital capture
during the same stage of planetary formation, we also
investigate about the fate of bodies captured in the 1:1
resonance with a giant planet under the effect of the gas.
We find that the gap carved in the gas disk by the planet
plus the presence of a circumplanetary disk enhance the
survival probability, making possible to have bodies in
the co–orbital region prior to the planetary instability.
Also, the escaping bodies are mostly pushed to the outer
parts of the system.
The size distribution of the bodies surviving the mi-
gration and the friction with the gas is not uniform. In-
stead, if we fit the radius of the surviving objects with a
Gaussian function, we find that the mean radius is 18.2
km. Using the mean albedo found with Spitzer data by
Ferna´ndez et al. (2009), this leads to a mean absolute
magnitude of H = 11.6. This value is smaller than the
one observed at the present (Slyusarev and Belskaya,
2014), but considering the subsequent collisional evolu-
tion these objects may have had undergo, this is a co-
herent result.
It is worth noting that the search for possible solutions
to the problems of the method of capture invoked in Sec-
tion 3.2 is out of the scope of this work. We are not
posing that this population of bodies is exactly the same
7
Figure 8: Radius of the particles surviving all the integration time in
the co–orbital region for the case with a migrating giant planet, along
with a Gaussian fit.
as the present Trojans, but the existence of bodies in the
co–orbital region before the instability proposed in Mor-
bidelli et al. (2009), could be the origin of at least a part
of the population observed nowadays, presumably those
with lower orbital inclinations. Previous works support
this point of view, for example Szabo´ et al. (2007) find
that the color distribution for Trojans with i < 10◦ is
statistically different for those with i > 10◦, which may
indicate a different origin.
In conclusion, despite only having studied a few
cases, we have found encouraging results which are
consistent with previous works and support our hypoth-
esis. In addition to increasing the number of experi-
ments, future work will focus on two different aspects.
In the first place the mass growth, which has proved to
be an important effect in the capture process, will be
taken into account, in order to determine its relevance
not only in the capture process, but also in extending
the time the planetesimals stay in the co–orbital region.
Secondly, we will focus on investigation of the effects
that planetary instability, including encounters with a
giant planet, have over the captured objects, to test if
they can survive this scenario or get lost during it.
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